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SUPPLEMENTARY NOTES 14. ABSTRACT
A propeller i Averaged Navi IcemCFD were through a ser with steady-s 360° domain c experimental simulation of processing qu vs. experimen These simulat further devel maneuver. Fu a rudder doma n an inclined shaft arrangement has been simulated using a Reynoldser-Stokes solver. The commercially available codes Ansys' Fluent and used for the numerical simulation.
The method has been demonstrated ies of simulations advancing in complexity.
The simulations begin tate, single blade calculations and advance to fully unsteady, full alculations.
Each simulation is supported through comparison with data.
This report describes in detail the full process used for the a propeller.
Meshing techniques, solver settings, and postantities are all examined.
Comparisons are made for computational tal data and for computational data sets at differing conditions, ions have demonstrated existing propeller modeling capabilities and oped capabilities towards the modeling of a ship performing a rther study will be conducted by coupling the propeller domain with in and examining the interaction between the two components. Table 1 -Open water thrust coefficients for straight flight 11 Table 2 -Open water torque coefficients for straight flight 11 Table 3 -Open water efficiency for straight flight 11 with an inclined shaft configuration. The objective of this analysis is to outline a method to perform such calculations and to support the method through rigorous demonstration exercises.
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FIGURES
This type of analysis provides propeller performance prediction capability by providing a computational analysis tool capable of simulating an unsteady non-axial inflow to a propeller such as is seen by an inclined shaft arrangement or during a maneuver. The objective of this report is to document the computations in as much detail that is required for repeatability in future studies.
The unsteady calculations are supported by a series of increasingly involved ReynoldsAveraged Navier Stokes (RANS) calculations which are detailed below in Figure 1 . Each step in this process is compared to experimental data. The tools used for the RANS simulation are commercially available Ansys' IcemCFD [1] and Fluent [2] . As it can be seen in Figure 1 , the calculations begin with a single blade passage computation with uniform axial inflow velocity.
The cases build on experimental comparison and previous steps to achieve the end results. The 
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DOMAIN AND MESHING
All of the meshing was completed using the commercially available Ansys' ICEM CFD [1] . The definition of the boundary geometries (inlet, outlet, periodic, far-field) for the simulation domain were created within ICEM. The blade and hub geometries were imported to ICEM through IGES files. The blade geometry was created using the NSWCCD NURBS surface definition code NCBLADE [3] . The NCBLADE c-array output file is converted to an IGES file, which can be read in by ICEM. The hub geometry was created by converting an axisymmetric curve to a three-dimensional IGES file.
The two separate meshes generated were a single blade passage mesh and a full 360° Every mesh generated for this study contained a structured hexahedral topology scheme.
The topology was defined in ICEM using a top-down blocking approach. The type of blocking used was generally H-O type topology. An O-grid was used around the root of the blade, modified with a Y-block at the leading and trailing edges to distinguish between the pressure and suction sides of the blade. An illustration of this O-grid topology with Y-blocks at the leading and trailing edge is seen in Figure 3 . An O-grid was also used on the surface of the blade to improve cell quality in critical areas. An illustration of the O-grid on the blade surface is seen in second cell layer is 10% larger than the first cell distance off the wall. The growth rate is used until the cell thickness reaches the prescribed maximum thickness at which point a constant spacing is used. Wall y+ is defined as:
where y = distance to the wall, u x = friction velocity, p = density, and p. = dynamic viscosity.
Axially In a conformal, matching periodic structured mesh, the nodes along the periodic boundaries align with one another. If a node on one periodic boundary is rotated by the periodic angle about the rotating axis, a corresponding matching node is found on the other periodic boundary. For a modern propeller application this presents a problem. The pitch angle of the blade is such that an extreme angle is created between the chord of the blade and the periodic rotation axis. This extreme angle leads to highly skewed elements in the mesh, which causes difficulties with convergence and stability in the solution process. An example of matching periodic boundaries with a 2D cross section of a blade is seen in Figure 5 . In the figure, it can be seen that nodes matching cyclically about the x-axis cause extreme angles relative to the blade near the blade surface.
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Figure 5 -Example of matching periodic boundaries.
To correct the extreme angles caused by matching periodic boundaries, an interpolation method can be used on the periodic boundaries. This interpolation allows for non-matching nodes on the periodic boundaries. In general, the error introduced through the interpolation method is insignificant when compared to the error and convergence problems that can be caused by a highly skewed mesh. An example of this preferred method of non-matching periodic boundaries can be seen in Figure 6 . inverted. Because mesh quality impacts solution stability and accuracy, the minimum internal angle was to be above 18 degrees and the smallest 2x2x2 determinant was to be above 0.4. The mesh was manually refined until both of these conditions were satisfied. The resulting single blade passage mesh contained 1 million hexahedral cells.
FULL 5-BLADED PROPELLER MESH
To complete the transient cases of the study, a full 360-degree domain of all 5 propeller blades was needed. This was created by copying the original single passage mesh rotationally.
Because the nodes were non-matching on the periodic interfaces, an interpolation was still needed between the blades. Again, the interpolation scheme was preferable to the conforming boundaries which introduced error by the highly skewed cells. An illustration of the full 360-
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degree mesh can be seen in Figure 7 . In this figure, each rotational copy differs in color to exemplify the non-conformal boundaries. 
SINGLE BLADE PASSAGE SOLUTION PROCESS AND RESULTS
The first step in demonstrating the RANS process was to compare with the open water test results. This was done by using a single blade passage mesh with a steady state solver. The commercially available CFD code Fluent [2] was used as the solver for all of the calculations in this study.
The inlet of the domain was prescribed as a velocity-inlet boundary condition. Fluent uses the specified velocity vector to calculate a mass flow into the domain and the corresponding momentum flux through the boundary. The velocity for the straight flight case was always set in the axial direction. The magnitude was varied to achieve simulation conditions for a range of advance coefficient conditions. Advance coefficient is defined as:
Where V = inlet velocity, n = rotations per second of the propeller, and D = propeller diameter.
The Reynold's number for the simulations was on the order of 1-2 million which matches the experimental data the simulations are later compared to.
The outlet of the domain was prescribed as a pressure-outlet boundary condition. At this boundary the user specifies a static pressure, which was set as equal to the reference pressure of the domain. The far-field boundary condition was set as a slip free-stream condition.
The initial solution was started with low under-relaxation factors set for all parameters.
This condition corresponds to an extremely damped system which is very stable during the beginning iterations. Once the first advance coefficient condition was converged, its solution was In Figure 8 , the advance coefficient, J a , as defined in (2) It can be seen in Figure 8 that good agreement was achieved for uniform inflow conditions. It can be seen that the thrust and torque are both slightly over predicted at an advance coefficient less than 1 and slightly under predicted at an advance ratio above 1.0. These results can be seen in tabular form in Tables 1 through 3 where the results are compared to the average value of the two experiments. In the tables, the percent difference is shown as the absolute difference of the calculation relative to the experiment. The main difference between the simulations and the experiments is the shaft location. In the simulations an upstream shaft is used to more closely mimic actual ship operating conditions. The experiments are driven with a downstream shaft to simulate true open water conditions, leaving a difference between the two in that there is no boundary layer being introduced to the propeller inflow in the experimental setup. 
MESH INDEPENDENCE
If a mesh is of sufficient resolution for a given problem, the results will not differ even when a finer mesh is considered. Proving that a mesh is of sufficient resolution is called mesh 
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With the comparison of open water test data and grid independence established, the next step was to demonstrate an inclined shaft assembly. The computational method used to simulate the inclined shaft arrangement is very similar to the proposed method for cross-flow. Therefore, the demonstrated method can be used for any subsequent cross-flow simulations in the future.
However, a single blade passage mesh is inadequate to simulate an inclined shaft arrangement or a cross-flow because any non-axial component of velocity prescribed at the inlet of the domain will be rotated as the domain is cyclically copied by the solver.
The use of a full 360 degree domain allows for an inflow containing non-axial velocities to be studied. By simply adding a vertical component of velocity, the same mesh can be used to simulate any shaft angle and/or cross-flow angle. For an inclined shaft, the components of the inflow were defined as:
Test data were available for two open water tests with different inclined shaft angles.
This allowed for the comparison of inflows with a non-axial component. Two different approaches were studied in this phase of this simulation. The first approach was a quasi-steady approximation in which the rotating reference frame model was leveraged. The second approach was to complete a fully transient simulation with the mesh rotating relative to the inertial frame. 
QUASI-STEADY RESULTS
The quasi-steady solution offers a look at a single moment in time of an unsteady system.
It can be compared to the instantaneous results of a given experiment rather than a time sampling. The Fluent calculations compared against the experimental data for an 8.8° inclined shaft arrangement can be seen below in Figure 11 . These results can also be seen in tabular form in Tables 7 through 9 1.62% 1.12% The results for the 8.8° inclined shaft are very similar to those of the previously discussed 4.8° case. Once again the torque is over-predicted throughout the entire range of advance coefficients. However, the thrust values seem to be simply under predicted at an advance 18 NSWCCD-50-TR-2010/024 coefficient higher than 0.8 rather than being over predicted in the lower advance coefficient range.
NSWCCD-50-TR-2010/024 15
FULLY UNSTEADY RESULTS
The unsteady calculations were stably run at Courant numbers of approximately 20.
Courant number (CFL number) is defined as:
where u = velocity, A t = time step size, and Ax = grid spacing. This translated into approximately 1 degree of rotation per time step. The solutions converged quickly and once a solution was achieved a time step could be completed in approximately 0.5-1 hour using 6-8 parallel cores of a dual Intel Xeon 3.0GHz processor machine.
Fully unsteady calculations were done at both shaft angles. The 8.8° case was run at an advance ratio of J a =l .2, which was close to the design condition. The 4.8° case was run at an off design advance ratio of J a =0.4. The comparison between quasi-steady and fully unsteady results can be seen in Tables 10 and 11 . In the tables, the percent difference is shown as the quasi-steady relative to unsteady results. It can be seen that for both cases, the calculated global quantities.
KQ, K T , and r\ were all within 1-4% of the values calculated by the quasi-steady calculations for the corresponding conditions. This result suggests that the quasi-steady calculation is adequate for determining the global open water coefficients for an inclined shaft arrangement. It can be seen that the wake of the shaft has a large impact on the quasi-steady cases. The blades that have rotated just out of the wake of the shaft show a large decrease in pressure on the surfaces. While this effect can also be seen in the unsteady case, it is seen to a much lesser extent than in the quasi-steady case. It can also be seen that the blades seem to recover to a higher The next step planned for this study is to examine the interaction between the propeller and a rudder as well as to subject the system to a cross-flow. For this planned analysis, the currently demonstrated propeller model will be combined with a validated rudder model through a sliding mesh interface. This simulation will allow correlation between propeller forces and rudder forces subjected to a cross-flow during ship manuevers.
A more detailed comparison of propeller wakes with and without a cross-flow component is also planned. This comparison will reveal the differences in the flow that the rudder is being subject to while the ship is completing a maneuver.
Possible future work includes a more in depth study on the propeller mesh. The large upfront time commitment in making a mesh gives motivation for this work. This study would include a detailed comparison between structured and unstructured mesh types as well as each type's strengths and limitations.
The demonstrated approach using RANS simulation can be used to guide the development of reduced order models for propeller and propeller/rudder flow. One area of ongoing investigation is to provide guidance in the development of propeller wake modeling using potential flow models. 
